• Liver-restricted expression of FIX-Padua induces immune tolerance to the transgene in hemophilia B inhibitor dog models.
Introduction
Hemophilia B (HB) is an X-linked inherited bleeding disease characterized by deficiency of factor IX (FIX) caused by F9 gene mutations. Patients with severe HB (residual FIX activity ,1% normal) have recurrent bleeding episodes associated with increase morbidity and mortality compared with those with moderate or mild disease. Treatment of HB is based on protein replacement therapy, and prophylactic therapy is associated with clinically beneficial outcomes. One of the main complications of protein replacement therapy is the development of inhibitory alloantibodies to the infused protein, which occurs in 1.5% to 3% of severe HB patients. [1] [2] [3] One of the main determinants of inhibitor formation is the underlying F9 mutation. HB patients with mutations such as missense mutations that lead to circulating but defective FIX antigen, termed cross-reacting material (CRM) positive, exhibit a lower risk of inhibitor formation compared with CRM-negative patients. 1, 3, 4 In contrast, ;50% of patients with large gene deletions develop FIX inhibitors, followed by patients with premature stop codon, frameshift, or splice site mutations (20-30%). 4 Thus, null mutations in F9 significantly increase the risk of inhibitor formation.
Therapies for hemophilia based on protein, nucleic acid, or cell therapies are under development aimed at increasing factor levels to the range of moderate or mild disease. [5] [6] [7] [8] [9] Gene therapy using adeno-associated viral (AAV) vectors for liver FIX gene transfer is emerging as a successful strategy as long-term expression of circulating FIX and improvement of disease phenotype. 10, 11 Data from early-phase AAV-FIX trials demonstrated that immune responses to vector capsid proteins are a main safety concern and are directly correlated to vector dose. 10, 11 Thus, strategies to reduce the vector dose are highly attractive to overcome these safety concerns.
We previously reported a case of thrombophilia associated with an arginine 338 to leucine (FIX-R338L, FIX-Padua) substitution in F9. The mutant FIX circulates at normal antigenic levels but exhibits eightfold increased clotting activity. 12 Thus, the use of FIX-Padua offers an alternative strategy for treating HB. Preclinical studies in severe HB dogs provide a unique opportunity to address both efficacy and safety. There are 2 severe canine HB models available, both of which are CRM negative. However, the underlying F9 mutation, mRNA levels, and risk of inhibitor formation differ. [13] [14] [15] Submitted July 10, 2014; accepted December 24, 2014 . Prepublished online as Blood First Edition paper, January 7, 2015; DOI 10.1182/blood-2014-07-588194.
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The University of North Carolina-Chapel Hill (UNC-CH) model is due to a missense mutation, glutamic acid 379 to glycine, which leads to normal RNA levels but probable disruption of protein folding. 13, 14 The University of Alabama at Birmingham (UAB) model results from a frameshift mutation, premature stop codon at position 146 (null mutation), and undetectable mRNA likely due to transcript instability.
14 Infusion of canine FIX concentrate in naïve HB dogs resulted in inhibitor formation in the UAB model but not the UNC-CH model. [16] [17] [18] [19] Preclinical studies using these models for AAV muscle gene therapy showed that the parameters of vector dose tested (per site and per body weight), which proved safe in the UNC-CH model, resulted in inhibitor formation in the UAB dogs. [16] [17] [18] Therefore, in the skeletal muscle-directed AAV trial, only severe HB men with F9 missense mutations were enrolled. 20 With liver gene therapy, both canine models showed long-term sustained expression of FIX-WT. [16] [17] [18] [19] Thus, patients with missense and null mutations were enrolled in AAV liver trials. Overall, none of the 15 patients enrolled in these early-phase studies developed FIX inhibitors. 10, 20, 21 Thus, data on immune responses to the transgene in these canine models are likely to be predictive of human responses.
Here we sought to determine the immunogenicity of FIX-Padua following AAV8 liver gene transfer in HB dogs with a null mutation and perform comprehensive safety studies in mice. If the expression of FIX-Padua is safe, these data will further enhance the potential of clinical translation of FIX-Padua to HB patients, including those with underlying F9-null mutations.
Materials and methods

Recombinant AAV vector
Production of AAV8 vectors was carried out as previously described. 22 The expression cassette contained canine FIX-R338L (cFIX-Padua), human FIX-R338L (hFIX-Padua), or human FIX wild-type (hFIX-WT) behind a liver-specific promoter. 23 
Canine studies
The local and UAB Institutional Animal Care and Use Committee approved all experiments. Adult male HB dogs received AAV at doses of 1 3 10 12 or 3 3 10 12 vector genomes per kilogram body weight (vg/kg) via the saphenous vein diluted in PBS over a 30-minute period.
Systemic and local toxicity
Hematologic and biochemical analyses of blood and serum samples for liver and kidney functions and pathologic activation of coagulation was monitored by D-dimer and thrombin-antithrombin (TAT) complexes. 24 Canine FIX antigen, activity, and antibody assays Whole blood clotting time (WBCT), cFIX antigen and activity, and thromboelastography (TEG) were assayed as previously described. 25, 26 Neutralizing antibodies to cFIX were determined by the Bethesda assay. Antibodies against cFIX were measured by enzyme-linked immunosorbent assay (ELISA) against immunoglobulin (Ig)G1, IgG2, and total IgG (Bethyl Laboratories, Montgomery, TX). 24 
Immune responses to AAV8 capsid proteins
To detect antibody responses against AAV8 capsid proteins, plates were coated with AAV8 empty capsids (1 mg/mL) as previously described. 22 Coating with serially diluted dog reference serum with known quantities of IgG1, IgG2, and total IgG (Bethyl Laboratories, Montgomery, TX) served as a standard. 27 Immunological challenges with canine FIX-WT protein concentrate Dogs were challenged with 0.5 mg of pooled plasma-derived, purified cFIX concentrate (Enzyme Research Laboratory, South Bend, IN) by intravenous injection. Humoral responses to cFIX-WT were monitored using assays for inhibitory and noninhibitory antibodies to cFIX as described above. 24 Canine multiplex cytokine array Cytokines were assayed using a Milliplex canine cytokine magnetic (MAG) MAG Panel kit (EMD Millipore, Billerica, MA) 8-plex containing murine interleukin (IL) 15-MAG, canine (c) granulocytes macrophage-colonystimulating factor (GM-CSF)-MAG, canine interferon (cIFN)-g-MAG, cIL2-MAG, cIL6-MAG, cIL10-MAG, cIL18-MAG, and canine tumor necrosis factor (TNF)-a-MAG. Standards, quality controls, and samples were assayed in duplicate. The bead counts and fluorescence intensity of the beads were measured using a Luminex 100/200 analyzer. Samples were measured once, and blank values were subtracted from all readings. Standard curves were produced and sample values determined using xPONENT software.
Murine studies
Assessing immunogenicity of hFIX-Padua. HB male mice on a C57Bl/6 background (n 5 7-9 mice per group) were injected with AAV-hFIX-WT or AAV-hFIX-Padua at 4 3 10 10 vg/kg. Mice then received 2 mg/mouse of hFIX-WT or hFIX-Padua subcutaneously every week for 4 weeks starting at week 10 after vector. Ten weeks after the last protein injection, mice received hFIX-WT or hFIX-Padua (2 mg/mouse) in complete Freund's adjuvant (CFA) and then in incomplete Freund's adjuvant (IFA; Sigma-Aldrich, St. Louis, MO) 8 weeks later. The control group consisted of adult naïve HB mice (n 5 4-5 mice per group) injected with hFIX-WT or hFIX-Padua protein alone in a similar fashion. We monitored FIX antigen levels, inhibitory antibodies, and murine anti-hFIX total IgG at baseline, week 4 after AAV injection, and 4 weeks after the last of each protein challenge (protein alone, protein in CFA, and protein in IFA).
Long-term safety studies in mouse models. Adult hemostatically normal male C57Bl/6 mice received AAV encoding hFIX-Padua or hFIX-WT at 5 vector doses ranging from 1 3 10 10 to 2 3 10 12 vg/kg (n 5 5 mice per dose per vector). Blood was collected following distal tail amputation into 3.8% sodium citrate. We determined hFIX expression levels by antigen and activity assays and TAT complex levels 28 following kit instructions (Enzygnost TAT micro; Siemens, Munich, Germany). D-dimer levels (Asserachrom D-Dimer, Parsippany, NJ) were monitored following kit instructions only at 2 and 8 months after vector injection due to sample volume limitation. 28 KaplanMeier analysis was used to determine the survival rates; the control group (n 5 5) received 1 3 10 11 vg/kg AAV empty capsid.
Recombinant hFIX-WT and hFIX-Padua protein production
We used an expression system consisting of pLenti6.3 (ViralPower HiPerform Expression System; Invitrogen, Carlsbad, CA) to generate a stable HEK293 cell line expressing hFIX-WT and hFIX-Padua. Protein purification consisted of ion exchange chromatography.
Results
Canine studies
Sustained expression of cFIX Padua in inhibitor-prone HB dogs is safe. Dogs (Wick and Trex) received AAV8-cFIX-Padua at doses of 1 3 10 12 or 3 3 10 12 vg/kg, respectively, by intravenous injection ( Figure 1 ; Table 1 ). At both doses the resulting FIX activity levels were 7 to 12 times higher than the antigen levels, and activity levels in the range of mild hemophilia. In these dogs, the WBCT ( Figure 1C ,F) and the TEG (supplemental Figure 1 and supplemental Table 1 , available on the Blood Web site) normalized within a week following AAV delivery. This was accompanied by a complete lack of bleeding episodes, further supporting the correction of the disease phenotype (Table 1) .
There was no formation of inhibitory or noninhibitory antibodies to cFIX (Figure 1B,E; supplemental Figure 2 ) with cumulative long-term follow-up of ;4.5 years (ongoing observations). We specifically assay for canine IgG2 subclass, which is associated with inhibitory antibody in this HB model on FIX protein concentrate injection or gene therapy, 16, 23 and is the equivalent of human IgG4 (the IgG subclass primarily associated with inhibitory antibody 29 ). Although IgG4 is the predominant antibody subclass for human inhibitors, some patients also develop IgG1 and/or IgG2 29 ; therefore, we also assayed for total canine IgG and IgG1. No antibodies of any IgG subclass against cFIX were found in either dog (Figure 1B,E; supplemental Figure 2 ).
We challenged these dogs by intravenous injection of 0.5 mg cFIX-WT protein concentrate 11 months (Wick) or 2.3 years (Trex) after vector injection. We reported earlier that in this naïve HB dog strain, this strategy induces the formation of inhibitory antibodies to cFIX-WT within a week after challenge. 16 Here, in the AAV-cFIXPadua-expressing dogs, there was no detection of antibodies to cFIX by Bethesda assay or anti-cFIX IgG2 ELISA ( Figure 1B ,E and supplemental Figure 2 ). Thus, expression of the cFIX-Padua variant shows increased specific activity as observed in humans 12 and immune responses even on challenge with cFIX-WT protein concentrates.
Eradication of inhibitory antibodies to FIX by liver gene therapy using AAV-cFIX-Padua. Wiley developed inhibitors after primary exposure to human FIX protein, and these inhibitory antibodies cross-reacted with cFIX. At the time of vector injection, the inhibitor titers against cFIX were undetectable by Bethesda assay but anti-cFIX IgG2 levels were ;500 ng/mL. After AAV-cFIXPadua injection, we observed a rapid increase in cFIX antigen and activity, which reached levels of 2% and 20% of normal, respectively. These levels quickly decreased to pretreatment levels, coinciding with an increase in inhibitor titers and anti-cFIX IgG2 ( Figure 2 ; Table 1 ). These findings are consistent with the initial normalization of the WBCT by week 1 and a return to baseline levels at day 10 after vector injection. Wiley's inhibitors showed an anamnestic response, with titers peaking at ;5 Bethesda units on day 15 ( Figure 2B ) followed by a spontaneous decline to complete For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From eradication by day 28. Similarly, anti-cFIX IgG2 and total IgG levels peaked concomitant with the Bethesda titers but showed a slower decline, with total eradication at day 70. At no point were anti-cFIX IgG1 antibodies detected (supplemental Figure 2) . No anti-cFIX antibodies have been observed over 2.8 years. Notably, Wiley's anti-human FIX inhibitors rose to 5.3 Bethesda units at day 14 and disappeared by day 20 ( Figure 2D ). The anti-hFIX IgG2 levels rose from a baseline of 5 mg/mL to a peak at day 14 of 11 mg/mL; although they are gradually declining, residual levels of ;1.5 mg/mL remain detectable. These data suggest that Wiley developed immune tolerance to specific epitopes shared between the human and canine FIX proteins; however, noninhibitory antibodies specific for epitopes unique to hFIX remain. Systemic complications associated with inhibitory antibodies to FIX include anaphylactic reaction and nephrotic syndrome. 30, 31 Importantly, Wiley showed no evidence of abnormal kidney function or urinary protein loss (data not shown). To confirm the eradication of inhibitory antibody to cFIX and immune tolerance induction, Wiley was challenged with 0.5 mg cFIX-WT protein concentrate 2.3 years after vector injection. Again, no humoral responses were documented by Bethesda assay or anti-cFIX IgG1, IgG2, or total IgG ELISA ( Figure 2B ; supplemental Figure 2 ). Together these findings show that AAV liver expression of cFIXPadua is efficacious in eradicating inhibitory antibodies to cFIX without systemic toxicity.
Cytokine profile following AAV-cFIX-Padua injection and FIX inhibitor eradication. We ran a multiplex array on plasma from all dogs looking at 8 cytokines, with a focus on T-cell cytokines (Figure 3 ). Wick did not have detectable cytokine levels for any of the time points assayed. Trex showed a spike on day 3 of GM-CSF, IL-15, TNF-a, IL-6, and IL-18, as well as small spikes of IL-10 and IFN-g ( Figure 3B-G) . Interestingly, he also showed high levels of GM-CSF, IL-15, IL-6, and IL-18 on day 70 ( Figure 3B-C,E-F) . These levels did not correlate with any loss of cFIX expression or activity, detection of anti-cFIX antibodies, or prolongation of WBCT (Figures 1 and 3A; supplemental Figure 2 ). Wiley's levels of GM-CSF, IL-15, IL-6, and IL-18 ( Figure 3B -C,E-F) were inversely correlated to his cFIX activity ( Figure 3A ). Conversely, he had relatively low levels of TNF-a and IL-2 throughout, with a small spike in the latter at day 27 ( Figure 3D,H) . Wiley's IL-10 levels climbed from weeks 2 to 4, generally falling thereafter until he was challenged on day 833, at which point levels began to rise again ( Figure 3G ). IFN-g showed biphasic response, with an early peak at week 4 followed by a late peak following the recombinant protein challenge ( Figure 3I) .
Risk of thrombogenicity of long-term expression of FIXPadua. Expression of FIX-Padua is associated with improvement of the disease phenotype as noted by the normalization of WBCT (Figures 1 and 2 ), TEG parameters (supplemental Figure 1 ; supplemental Table 1 ), and the lack of bleeding episodes ( Table 1) .
In both dogs expressing FIX in the range of mild hemophilia (Wick and Trex), TAT complex and D-dimer levels at multiple time points remained in the normal range, 26, 32 consistent with a lack of clinically recognized thrombosis (supplemental Figure 3) . Notably, data from the dog Wiley showed continuous expression of supraphysiologic levels of FIX-Padua after inhibitor eradication for .400 days and yet presented no clinical evidence of peripheral thrombosis. TAT and D-dimer levels remain within normal limits 26, 32 (supplemental Figure 3) . These data suggest that the risk of thrombogenicity of FIX-Padua is low at a wide range of expression levels.
Humoral responses to AAV8 capsid. All dogs developed a robust anti-AAV8 capsid immune response measured by increase in IgG2 and, to a lesser extent, IgG1 levels ( Figure 4 ). These data indicate that these dogs are capable of generating sustained immune responses to other antigens excluding the possibility of a general state of defective immune responses.
Murine studies
Lack of immune responses to hFIX-Padua by AAV liver gene therapy. Adult HB mice (n 5 9-11 mice per group) received injections of AAV encoding either hFIX-Padua or hFIX-WT resulting in similar circulating FIX plateau antigen levels (724 6 116 and 850 6 96 ng/mL, respectively). Mice expressing hFIX-WT received recombinant hFIX-Padua protein and, conversely, mice expressing hFIX-Padua were challenged with hFIX-WT. Initial challenges started at week 10 after vector administration, followed by an additional dose weekly for 3 weeks. No antibody to hFIX was detected by anti-hFIX total IgG ( Figure 5 ) or Bethesda assay (data not shown). Further challenges with hFIX-Padua or hFIX-WT in CFA or in IFA failed to trigger immune responses to either hFIX forms ( Figure 5 ). In contrast, naïve HB mice (n 5 4-5) develop antibodies to hFIX upon exposure to protein alone, even without adjuvant ( Figure 5 ). Thus, on stringent immunologic challenges with reciprocal protein, no antibody formation was detected in these mice, suggesting that the immunogenicity of FIX-Padua is comparable to that of FIX-WT.
Long-term expression and toxicity of FIX-Padua is comparable to FIX-WT. To assess whether expression of hFIX-Padua is associated with abnormal activation of coagulation or early death, hemostatically normal C57Bl/6 male mice received increasing vector doses encoding hFIX-Padua or hFIX-WT. As expected, hFIX specific activity was 7-to 10-fold higher in the hFIX-Padua compared with hFIX-WT-expressing mice (Table 2) . We grouped mice expressing FIX-Padua or FIX-WT according to the FIX activity at low (100-230%) and high (480-2020%) cohorts. A time course of TAT complex levels show no difference between the FIX forms and no increase in TAT levels over time ( Figure 6A-B) . D-dimer levels increased as a function of time only for the low dose cohorts of hFIX-WT (P 5 .0002) and hFIX-Padua (P 5 .006), but there was no difference in D-dimer levels between the 2 FIX variants ( Figure 6C-D) . No changes in D-dimer levels were observed over time for the control group. Kaplan-Meier survival analysis showed no difference between mice expressing hFIX-Padua or hFIX-WT (Figure 7) . Early death was associated with supraphysiologic levels that typically started only 8 to 10 months after vector For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From injection. Moreover, data from the control group show no death during the study. Together, these findings suggest that the longterm toxicity in mice expressing a wide range of expression of hFIX-Padua is comparable of that of hFIX-WT.
Discussion
One of the major safety concerns in developing novel therapies based on protein, cell, or gene therapy for hemophilia is the formation of antibodies to the missing clotting factor. The presence of these antibodies renders the replacement therapy ineffective with increased morbidity and mortality. [33] [34] [35] Experiences with protein replacement therapy demonstrate that manufacturing procedures, mismatches between the therapeutic protein sequence and host rare haplotypes, and modifications on the amino acid sequence could all influence the rates of inhibitor formation. 2, [36] [37] [38] Here we sought to test the safety of liver-restricted expression of the cFIX-Padua variant. HB dogs with underlying F9-null mutation exhibit high risk of antibody formation on exposure to cFIX-WT and thus provide an excellent model to test immune responses to the neotransgene. The data presented in HB dogs clearly demonstrate that AAV liver gene therapy ensures sustained expression of cFIX-Padua (25-300% of normal) with high specific activity (8-to 12-fold) consistent with the findings in humans hemizygous for FIX-Padua. 12 We observed complete normalization of WBCT and TEG values concomitant with a lack of bleeding episodes over a long-term follow-up in naïve HB dogs and after eradication of cFIX inhibitors in the dog Wiley.
Clinical trials with severe HB using AAV2 or AAV8 vectors showed that in the high dose cohort (2 3 10 12 vg/kg), therapeutic levels of hFIX-WT were achieved with transient liver immune-mediated toxicity 10, 11 controlled by a short-term course of immunosuppression.
11
Here we achieved therapeutic levels of FIX activity (25-300%) at vector doses of 1 3 10 12 or 3 3 10 12 vg/kg. Therefore, we suggest that lower doses of AAV vectors will be able to reach therapeutic levels using FIXPadua as the transgene. Expression in Trex was relatively poor; 2 things may account for this relatively low expression. First, Trex is notably smaller, resulting in a lower total vector dose. Second, the spike in Trex of proinflammatory Th2 and Th1 cytokines at day 3 is suggestive of a memory T-cell response to AAV. This could indicate low titers of anti-AAV antibodies that could partially inhibit transduction.
We also showed that liver expression of cFIX-Padua induced tolerance in these dogs and did not generate any anti-FIX humoral immune responses, even after challenge with cFIX-WT protein concentrate at doses associated with inhibitor formation in naïve HB dogs from this colony. 17 FIX-Padua expression showed no increased immunogenicity on exposure to FIX-WT protein, which is the clinical scenario in which patients expressing FIX-Padua by AAV vectors may require protein replacement to control major hemostatic challenges.
Notably, expression of AAV-cFIX-Padua was successful in eradicating inhibitory antibodies to cFIX. We documented an amnestic response (;5 Bethesda units) at early time points after AAV injection followed by eradication of the anti-cFIX antibodies and a gradual increase in the circulating levels of fully active cFIX-Padua. The lack of immune response to the transgene was maintained after challenge with FIX-WT protein concentrate, reinforcing the strength with which AAV liver gene transfer induces transgene-specific immune tolerance. No kidney, liver, or systemic toxicity was observed in this dog over a period of 3 years (ongoing observations). Of note, inhibitory antibodies to hFIX were completely eradicated, whereas residual non-neutralizing antibodies (IgG2) declined but are still detectable. This probably reflects that immune tolerance occurred to epitopes shared by canine and human FIX but not those restricted to hFIX, and thus this strategy is likely to epitope specific. The findings in this HB dog are the first demonstration of eradication of inhibitors to FIX in a large and immune competent HB model with preexisting antibodies to FIX.
The time course for eradication of inhibitor and detection of circulating FIX levels in this dog was similar to our early data in immune tolerance induction by AAV expressing canine FVIII in hemophilia A dogs with preexisting inhibitors. 22 Despite the fact that detectable anti-FIX IgG2 resolved in 70 days, FIX activity took nearly 800 days to plateau. This suggests there were anti-FIX antibodies that our assay was unable to detect, which likewise reached the limit of detection and plateau around day 800. Wiley's cytokine profile may reflect this. Prior to vector administration, he had high levels of inflammatory cytokines, including IL-6, suggesting a Th2 immune response as would be expected for inhibitors. These cytokines decreased following vector administration over the next 800 days concurrent with a rise in FIX activity, suggesting an anti-FIX response that is slowly resolving. Wiley's cytokine responses were dramatically different from those of Trex and Wick, the latter of which had no detectable cytokines throughout the period monitored. We did note elevated cytokines in Trex on day 70, which is unlikely related cFIX-Padua. Despite the inflammatory T-cell response occurring at the early time points in Wiley, there is a striking lack of IL-2. With the expression of IL-10, this is suggestive of a regulatory T-cell (Treg) response. In our FVIII inhibitor dog model, 22 39, 40 The second peak in IFN-g after challenge, like the rise in IL-10, suggests that Tregs were again called on to squelch an anti-cFIX immune response. This could partially explain the remaining question of the mechanism of long-lasting AAV-induced tolerance.
In the hemophilia A model, we showed that IgG2 was also the predominant IgG subclass. 22 The human equivalent of canine IgG2 is IgG4, and both are associated with a Th2 helper CD4 1 T-cell response. 16 Human IgG4 is produced only on prolonged or repeated exposure to antigen, and evidence suggests its production is promoted by Treg cell cytokines. Moreover, IgG4 has poor affinity to Fc receptor and for C1q of the complement pathway, thus preventing cell and complement activation, respectively. 41 IgG4 Figure 6 . Markers of coagulation activation in WT C57BL/6 mice expressing hFIX-WT and hFIX-Padua at supraphysiologic levels following AAV. Mice expressing hFIX-WT (white bars) and hFIX-Padua (black bars) at levels resulting in (A,C) 100% to 230% activity and (B,D) 480% to 2020% activity were assessed for (A,B) thrombin antithrombin complexes (TAT) and (C,D) D-dimers as markers of coagulation 2, 5 (TAT only), and 8 months following vector administration. At no point were there statistically significant differences between the hFIX-WT-and hFIX-Paduaexpressing groups. Gray bars, empty capsid-treated control animals with normal FIX levels. For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From production has been linked with activation/generation of CD4 1 regulatory T cells and thus with a potential for down-modulated immune responses. 42, 43 Therefore, it is possible that in the context of inhibitors to FIX in this canine model, a similar immune tolerance induction mechanism was associated with inhibitor eradication.
Data on additional dogs with preexisting inhibitors to FIX are certainly needed to confirm this early successful observation and to more clearly define the underlying mechanism of immune tolerance. The success rates of immune tolerance induction protocols using frequent injections of FIX protein concentrates are lower than those for hemophilia A, and potential complications such nephrotic syndrome, allergic, and anaphylactic reactions all hamper the overall safety. 1, 31, 44 It is possible that AAV-based immune tolerance induction could also be indicated for a selected group of HB patients with inhibitors to FIX.
The immune competent status of these 3 dogs was confirmed by the humoral responses to the vector capsid proteins (IgG1 and IgG2). Similar findings observed in humans following AAV2 or AAV8 delivery to the liver. 10, 11, 45 Thus, this strategy to use AAV for the transgene-specific immune tolerance does not induce a general status of immunosuppression.
Finally, studies in mice allow us to compare the immunogenicity of FIX-Padua with FIX-WT in a stringent manner. Mice expressing FIX-Padua or FIX-WT failed to mount an immune response to the reciprocal recombinant FIX proteins, even when mixed with adjuvants to enhance immune responses.
The potential thrombogenicity FIX-Padua expression appears to be minimal, as no evidence of pathological activation of coagulation or clinical evidence of thrombosis was noted in any of the 3 dogs with a cumulative observation of ;6 years. Together with the lack of thrombosis in another group of 3 HB dogs expressing FIXPadua following AAV delivery to skeletal muscle for a cumulative 5 years, 24 there is no evidence of thrombosis in a total of 6 dogs in an 11-year period, suggesting a very low risk for such a complication. This is expected considering that thrombosis occurred only in FIXPadua patients with activity levels .700% of normal, which is significantly higher than the FIX levels in these dogs. 12 This is further supported by longitudinal studies in mice expressing FIX-Padua or FIX-WT, which showed similar profiles of activation of coagulation and survival rates. These data are agreement with previous short-term gene therapy studies in mice. 46, 47 The main determinant of death rates was the supraphysiologic levels of either FIX forms that occur in a time-dependent manner, ie, 8 to 10 months after vector injection, thus providing more stringent risk assessment than short-term 46, 47 or long-term studies expressing FIX at relatively lower levels. 48 These data suggest that the safety of continuous expression of FIX-Padua does not differ from the FIX-WT expression and, thus FIX-Padua is not inherently more thrombogenic per se, but at extremely high levels behaves in a similar fashion as FIX-WT.
Collectively the efficacy and safety data from dogs and mice expressing FIX-Padua form the basis for translational studies. The safe immunological profile of FIX-Padua in the inhibitor-prone dogs would allow the inclusion of HB patients with F9 gene null mutations in gene therapy clinical trials.
